The drainage of a blast furnace hearth is analyzed on the basis of measurements of the instantaneous mass flow rates of tapped iron and slag, obtained from radar level measurements in the iron ladles and a pressure signal from the slag granulation drum. The measurements are used in a model estimating the levels of liquids in the blast furnace hearth, where correction terms have been introduced to prevent the level estimates from excessive drift. When applying the model on data from two Finnish blast furnaces, it was found that the estimated iron level exhibited strong correlation with the electromotive force (emf ) measured between two electrodes at the furnace shell. The results of the model are in general agreement with results reported by other investigators. The performance of the model is illustrated by some examples, and a procedure for considering the case of a floating dead man is proposed.
Introduction
In the operation of the blast furnace, the condition of the furnace hearth plays an important role, since it affects the carbonization of iron and the distribution of components between iron and slag, and it also influences the way in which fresh hot metal is supplied from above. It is very important that the hearth is drained well in order to maintain smooth operation and stable burden descent. Problems will in general be encountered if the liquid levels in the hearth exceed a critical limit, which may be dictated by the distance between the slag surface and the raceways. Also, the buoyancy force that acts upon the coke column will increase with elevated liquid levels, and finally the hearth coke, or dead man, may start to float, causing sluggish or irregular descent of the condensed phases above the tuyere level. The importance of an efficient drainage becomes further emphasized if the production rate of the furnace is to be raised.
It would be of considerable importance to know the internal state of the hearth to be able to take appropriate control actions to ensure a good drainage of liquids from the hearth. Unfortunately, because of the hostile conditions in the blast furnace hearth, with high temperature and chemically aggressive liquids, it is very difficult to carry out direct measurements. Therefore, the estimation of state variables must rely on mainly secondary measurements. Methods for estimation of the liquid level in the hearth and dead man porosity have been reported by several investigators, using mass balances and measurements of electromotive force (emf). [1] [2] [3] [4] [5] In their simplest form, the mass balances can be based on estimates of instantaneous production rates, typically calculated from gas analyses and flow rates, in combination with ladle or torpedo weights reported from the steel plant. 4) In more detailed models, 3, 5) the instantaneous flow rates of iron (and slag) are estimated from continuous ladle or torpedo level measurements or weighing. Liquid levels in the hearth have also been estimated by pressure measurements, 6) but this technique is not well suited for routine use.
In order to improve the tap monitoring and the control of the hearths of the blast furnaces at Rautaruukki Steel in Raahe, Finland, a set of new measurements has been installed, including radar measurements of the iron level in the ladles and signals from the slag granulation drum. This paper presents some results of the measurements and their use in analyzing the drainage and the evolution of the liquid levels in the blast furnace hearth.
Measurements
The two blast furnaces of Rautaruukki Steel studied in this work are one-taphole furnaces with hearth diameters of 8 m, each producing about 3 500 metric tons/day of hot metal. The furnaces use mainly sinter but also pellets as iron-bearing material, while on the average 345 kg/thm of coke and 100 kg/thm of oil are used as reductants. The furnaces are tapped 12 times daily, and the iron flows through the runner to ladles that are transported to the steel plant, where they are poured into larger mixers. The slag, in turn, goes to a granulation unit. The recent introduction of new measurements 7) at the furnaces has made it possible to calculate instantaneous flow rates of iron and slag during the tapping. These, and other measurements that are central for the work reported in this paper, will be described in the following subsections.
Instantaneous Production Rates
From the standard instrumentation of the furnaces, instantaneous production rates of iron (and slag) can be estimated on the basis of top gas analysis and blast parameters, considering the oxide content of the burden. Even though this technique is well established, it suffers from the drawback of being sensitive to measurement errors, especially in the top gas analysis. Furthermore, the procedure is based on the assumption of static conditions. Despite these possible sources of inaccuracies, the estimates of produced quantities of iron and slag are a prerequisite for the model to be described in Sec. 4.
Iron Outflow Rate
The iron level in the ladle is measured with a frequencymodulated continuous wave (FMCW) radar and is logged with a short sampling interval. Using a formula for the relation between the height and the volume of the hot metal in the ladle, i.e., an expression for the inner geometry of the ladle, the radar signal was converted into a "measurement" of the iron mass in the ladle. The signal was expressed as the change of mass per time unit, and was stored in the process computer as 5-min averages of the tap rate. In a preliminary study of the accuracy of the method, 7) it was found that the cumulative mass of the iron in about 100 ladles estimated by the method corresponded well with the weighing reports from the steel plant. However, the study also showed that the error for a single ladle could be considerable because of inaccuracies in the estimation of the ladle geometry, e.g., caused by erosion of the lining or skulling.
Slag Ouflow Rate
On the basis of a pressure signal from the hydraulic system of the granulation drum, the flow rate of slag can be estimated. The signal, which is calibrated by adapting parameters in an equation given by the manufacturer of the granulation system, is known to be less accurate than the iron flow measurement, but it is still considered to yield valuable information. Inaccuracies are partly due to nonlinearities that are not compensated for in the (given) relation between the pressure and the mass flow rate, unknown dynamics and water content of the granulated slag.
Electromotive Force (emf)
During the last decades, it has become customary to attach electrodes to the shell of the blast furnace to provide a signal yielding information about the level of molten materials in the furnace hearth. The electromotive force (emf), i.e., the electrical potential difference, is typically measured between electrodes placed at the tuyere level and below the taphole level. The mechanisms generating the signal are not yet fully known, but the potential difference is believed to origin from chemical reactions in the hearth and in the tuyere region, causing a circuit through the slag, iron, carbon hearth lining and steel shell. [8] [9] [10] Differences in electrical conductivity between iron, slag and coke are assumed to play an important role in causing a potential that varies with changing liquid levels in the hearth. The emf is not only affected by the liquid levels, but also by other factors, e.g., temperature, and is often apt to exhibit drift. This makes the emf less suitable for monitoring the absolute liquid levels inside the hearth.
Iron and Slag Flows during the Taps
The study reported in this paper is largely based on measured flow rates of iron and slag from two 40-day periods of operation of both BF1 and BF2 of Rautaruukki Steel. In this section, some general observations will be reported. For the data periods studied, the tap duration was 1.5 h on an average, with values distributed between 1 h and 3 h. The slag delay, i.e., the time that elapses after opening the taphole until slag appears in the runner, was longer for BF1 (about 1 h), but for BF2 it increased from being 25 min in the former period to 40 min in the latter period. In examining the tapping rates, no "characteristic" evolution could be deduced. The furnaces showed a variety of tap durations, slag delays, and evolutions of the flow rates of iron and slag during the taps. The variations seemed relatively stochastic, and could not be explained by other central variables of the taps. Attempts were made to predict the tap length or the tap size on the basis of information from the preceding taps using linear and nonlinear modeling, but the results were not encouraging. A weak correlation was found between the evolution of the tap rate and the taphole diameter.
11) If the taphole was opened with a large drill diameter, a tap rate that was high initially but decreased toward the end of the tap was observed, while small drill diameters resulted in the opposite trend.
Generally, the taps started with iron-only flow, and often the iron discharge rate reached a stable level fairly rapidly; the upper panels of Fig. 1 show the results for five taps. The evolution of the flow rate of slag was very similar to that of iron. In some taps a sudden decrease in the flow rates was observed simultaneously for iron and slag, which was probably caused by coke particles that partly choked the taphole. Particularly for the BF2, no clear decrease in the flow rate of iron could be seen at the moment when slag started to flow (cf. Fig. 1 ). This is somewhat surprising because the phases flow together through the same taphole. A possible explanation for the observation could be a very rapid erosion of the taphole caused by the slag, which is known to be chemically much more aggressive than iron against the refractory. However, a temporary drop in the iron flow rate would anyway have been expected. Clearly, this phenomenon calls for further investigation. Another interesting observation is that the share of iron in the volume flow rate often stabilized on an almost constant level within 15 min after slag entrance. Typically, the ratio was 50-60% in the beginning, and showed a slight decrease at the end of some taps. This was observed for taps of very varying lengths, flow rates, and slag delays as illustrated in the lower panels of Fig. 1 .
Modeling the Liquid Levels in the Hearth

Basic Approach
By utilizing the measurements of the tapping rate and calculations of instantaneous production rates (on the basis of balance equations for the upper parts of the furnace), mass balances for iron and slag in the hearth can be written. By considering iron and slag as incompressible and immis-cible liquids with constant densities, the mass balances can be converted into volume balances for the phases. The volumes of iron and slag in the hearth can be directly transformed into levels if the geometry of the hearth (in terms of cross-section area, A) and the state and porosity, e, of the hearth coke ("dead man") are known. The equations for the levels, l, of iron (subscript i) and slag (subscript s) are 2) where ṁ denotes mass flow rate and l j,0 ϭl j (t 0 ); jϭi, s. In order to prevent drift in the levels the measurements of the production and tap rates would have to be very accurate. However, as mentioned earlier, these measurements in practice include errors causing drift of the levels to unreasonable values already within a few taps. This means that the production rates and/or the tap rates, or the calculated levels, have to be corrected.
Modeling the Iron Level
The behavior of the iron-slag interface has been examined in the literature by both experimental methods and computational fluid dynamics (CFD). Such studies 12) along with CFD simulations by the present authors 13) indicate that it is reasonable to assume that the iron-slag interface during the tap is horizontal until it reaches the taphole level and slag starts to flow out. Therefore, the iron level in the hearth is "measured" once at every tap, and the moment when slag first enters the runner indicates the time, t k , when the iron level passes the taphole level on its descent during the tap. A correction term, g(k), where k is the equivalent of t k in a discrete-time representation, can now be estimated each time a "measurement" of the iron level is available, using the equation
Denoting the taphole level by lϭ0, the correction term can be measured by y i (k), which for l i (t k )ϭ0 yields ............ (4) In the equation, lˆi(t kϪ1 ) is the estimate of the iron level at time t kϪ1 . This variable may differ from zero if the correction for the previous tap cycle was not required to close the iron balance exactly. Figure 2 depicts the general principle of the model. The measurement, y i (k), is likely to contain noise caused by disturbances. Examples of disturbances affecting the validity of the assumption l i (t k )ϭ0 are inaccuracies in the reported slag delay (i.e., in the time t k ), and a possible early or late entrance of slag caused by a locally inclining iron-slag interface due to, e.g., irregularities in or close to the taphole mud "mushroom" at the inner end of the taphole. If the correction term compensates for mainly slowly changing errors (e.g., systematic errors in production or outflow, changes in dead man porosity or hearth cross-section area), it would be reasonable to assume it to obey an autoregressive process. In such a case, an optimal estimate of the "true" correction term could be obtained by filtering the measurement, y i , with a Kalman filter. 14) After carrying out the identification procedure described in Appendix A, a significance test (cf. Eq. (A-11) ) however showed no evidence for such correlation, i.e., the autoregressive model could not explain the behavior of the correction better than white noise. Naturally, this does not prove that the corrections are uncorrelated, but merely that it is not possible to detect correlation with the measurements at hand in the present study. Thus, the best available estimate of the correction term is the measurement, y i (t k ), according to Eq. (4) with lˆi(t kϪ1 )ϭ0, which means that a "full" correction of the iron level at the moments of slag entrance should be made (as indicated schematically by the full lines in Fig. 2 ).
Modeling the Slag Level
There are no "measurements" of the slag level available, but also this variable has to be stabilized in order to prevent excessive drift. Therefore, the slag was assumed to descend to a given level, l˜sϾ0, at the end of each tap, with some variation allowed in the calculated final level. This condition is implemented by filtering the "measurement", y s , of the correction term h for the slag level defined in analogy to g for the iron level, where KՅ1 is a filter constant. This formulation allows the slag end level to fluctuate, but prevents it from drifting away to unreasonable values. Figure 3 schematically illustrates the corrected iron and slag levels and the position of the points of correction for a hypothetical case, with Kϭ1 in Eq. (6b).
Effect of the Dead Man State
The above formulae are straightforward to apply if the dead man "sits" on the bottom (and its porosity is known). However, the dead man may float in the liquid phases; this state is more likely to occur in smaller (one-taphole) furnaces, especially if the hearth bottom is eroded. During the first time period studied there were clear indications 15, 16) that the dead man in BF2 floated. Unfortunately, calculation and correction of the iron and slag levels for the case of a floating dead man become fairly complicated if a rigorous formulation of the governing phenomena is applied (see Appendix B). Roughly, one may estimate the effect of a floating dead man in the model by applying the porosity eϭ1 in calculating the iron level, while using the "true" porosity (e.g., eϭ0.3) in calculating the level of the slag, 11) but this is a clear over-simplification. In addition, the results also depend on whether the dead man floats during the whole tap or not, and whether the (downward) force of the burden can be considered constant. In what follows, the computation is, therefore, based on the assumption that the dead man sits at the bottom of the hearth.
Results and Discussion
This section presents some results of the model applied on data from the two Rautaruukki blast furnaces, using a dead-man porosity of eϭ0.3 and a slag-level filter constant in Eq. (6b) of Kϭ0.7. Since the signals from the granulation units of BF1 were not available during the periods studied, the slag level in this furnace has not been simulated. In the examples, the total corrections of the iron and slag levels were applied ("smeared") over the whole of the tap cycle (as indicated by the solid line in Fig. 2 ) in order to make a continuous level monitoring possible. In practice, the corrections are not known until information about the slag delay and the time for the tap end is available, so it is the previous tap cycle that is subjected to correction. Before the results are analyzed, it should be noted that the changes in the level estimates depend strongly on the (assumed) hearth geometry, dead man porosity and floating behavior. Moreover, the calculated iron and slag levels, particularly the latter one, mainly monitor the short-term trends, while the long-term variations are removed by the filtering action of the corrections introduced. Figure 4 illustrates a typical behavior of the iron and slag levels for a period of four tap cycles of varying appearance from the later data period for BF2. In the upper panel, the evolution of the levels is shown, while the lower panel depicts the volumetric production rates of iron and slag (practically horizontal dashed-dotted lines) and the outflow rates (solid and dotted lines). The general appearance of the iron and slag levels is in agreement with findings reported by other investigators, 5) but the method applied in the pre- sent paper prevents the levels from drifting excessively. In order to verify the results, the calculated levels of iron and slag were compared with the emf signal, here expressed in percent of the maximum variation and shown by a dotted line in the upper panel. An astonishingly good agreement between it and the iron level was found. In order to extract more information, the emf was passed through a band-pass filter, where the high-end cutoff frequency was set to filter out high-frequency noise. The lower cutoff frequency, in turn, was determined by an optimization routine to maximize the correlation between the filtered emf and the calculated level. As mentioned in Subsec. 4.2 and outlined in Appendix A, it is possible to estimate the iron level with a correction term in Eq. (3), in analogy to the procedure for the slag correction of Eq. (6), that does not compensate fully for the level offset, allowing for some long-term variation in the level. To examine the potential of such a model, different magnitudes of corrections were applied in the study. However, the analysis indicated that the correlation between the two filtered signals was maximized when the offset in the iron level was fully corrected by the time of slag entrance for each tap. In summary, the findings indicate that the best over-all results on the process data studied in this work is obtained by the iron-level correction .................... (7) It should be stressed that this conclusion does not exclude the possibility that the correction term would be occasionally correlated, with itself or with other process variables (as illustrated in later figures).
The maximum correlation coefficient between the filtered emf and the corrected iron level for data from both blast furnaces was 0.85, which must be considered significant. Figure 5 shows the striking resemblance between the normalized iron level and the filtered emf signal for the period illustrated in Fig. 4 . The filtered emf signal was lagged by 10 min, which may correspond to the delay between the furnace and the ladle level measurement. It should be noted that the normalization of the signals was made for the whole 40-day period and not only for the interval of the figure. The optimal filter was found to remove frequencies in the emf corresponding to periods longer than 1-2 tap cycles, so the emf mainly reflects level changes within the latest tap cycle. As for the values of the correction term, g, required to close the iron balance for BF2, the average value corresponded to a correction of the produced iron by 4%. Thus, the method underestimates the production rate, overestimates the tap rate, or both. The standard deviation of the correction, expressed in terms of mass, was 8% of the mean production rate during the tap cycle. This is a considerable value, but it should be noted that way of estimating the iron level is sensitive in that l i is given as a difference between two large mass integrals. Figure 6 shows the estimated iron and slag levels in BF2 for a data period consisting of nine tap cycles. After the first four taps cycles, there are two long ones with considerable accumulation of iron and slag in the hearth, leading to large and long taps. The way of correcting the levels in the method prevents them from drifting, but the correction terms, presented in the lower panel of rection terms (indicating a level correction downwards, cf. Eq. (3)) and the fifth and sixth taps are large. The large changes in the liquid level, and possibly in the position of the dead man, are expected to affect the conditions in the region above the tuyere level. This is supported by the trend exhibited by the pressure drop in the furnace illustrated in the upper panel of the figure; the pressure drop increases during the first six tap cycles, but exhibits a clear decrease at the large taps (#5 and 6) where the furnace hearth is drained more completely. During the sixth tap, concern was caused by an occasional increase in the pressure drop and in a sluggish and irregular burden descent, which forced the operators to reduce the blast volume (as indicated in Fig. 7 ). An earlier detection of accumulation of liquids in the furnace could have been possible by the proposed method. Figure 8 shows an illustration of a data period from the BF1. The longer slag delay in this furnace is seen in a higher average level of the iron above the taphole. The emf signal, depicted in the upper panel, clearly contains more noise that in BF2. After filtering the signal in the way described above, a very nice agreement with the iron level was once again obtained, as shown in Fig. 9 .
Conclusions
The drainage of the blast furnace hearth has been studied using measurements of the instantaneous mass flow rates of tapped iron and slag. A method for estimation of the liquid levels in the furnace hearth has been proposed and illustrated on data from a two furnaces. The electromotive force (emf) measured by two electrodes at the furnace shell was found to exhibit strong positive correlation with the estimated iron level in the hearth. On the basis of statistical tests, it was found that the best procedure of correcting the (iron) level, in order to avoid drift, was to close the balances for every tap cycle at the moment when slag started to flow out from the taphole. However, some cases have been found where the trend exhibited by the correction term could be utilized for detection of imbalance between input and output on a longer-term basis. Large values of the correction terms may be explained by accumulation of liquids below the melting level but above the bath of iron and slag in the hearth.
The proposed method can also be used to track shortterm changes in the slag level, but inaccuracies in the measurements are likely to cause considerable uncertainty in this estimate. For instance, the time the taps (are reported to) end is an obvious source of errors. Today, it is an accepted procedure at the iron works to plug the taphole when the flow of gas through the hole increases "considerably", which is a subjective measure. The fact that large amounts of slag may be occasionally retained in the furnace hearth further complicates the treatment. In the proposed model, these problems are observed as large corrections, h, of the slag levels.
The effect of the state of the dead man has also been discussed at some length, and a simple procedure for handling the case of a floating dead man has been proposed. For the sake of clarity, the dead man has been assumed to sit on the hearth bottom in the examples presented. In the future work, the problems mentioned above will be addressed more rigorously. Attempts to verify the estimated levels, particularly in cases where there are large amounts of residual liquids in the hearth, will be studied. Use will be made of correlation with independent measurements (such as blast pressure, burden descent, and cooling losses) that are known to be affected by the drainage.
15) The rationale of interpreting the model's results, e.g., the correction terms, with methods from statistical process control (SPC) will be studied. The floating behavior of the dead man will also be considered using the approach outlined in Appendix B.
Another topic of interest is to use CFD in order to evaluate the validity of the assumptions introduced concerning the level of the slag-gas interface at the end of the taps and the flow behavior of iron and slag in the taphole. Since x(k) is available from the measurements, the parameters in the B and C polynomials can be estimated by minimizing the one-step ahead prediction error. The fact that the order of B should be one less than the order of C somewhat simplifies the identification procedure. The optimal onestep ahead prediction is where E j is the loss function of and n j is the number of parameters in Model j. In a test, where p should follow the F distribution with (n 1 Ϫn 2 ) and (NϪn 2 ) degrees of freedom, the statistic significance of the improvement of the one-step ahead prediction for Model 2 with n 2 parameters compared with Model 1 with n 1 parameters can be evaluated. 
